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We implement the entanglement harvesting protocol, in which two Unruh-DeWitt detectors be-
come entangled through local interactions with a quantum field, for the first time in the vicinity of a
black hole. Our study, focusing on the BTZ black hole, reveals that black holes inhibit entanglement
harvesting. The entanglement harvested rapidly falls to zero when two detectors with fixed proper
separation approach the horizon. This effect is a combination of black hole radiation and gravita-
tional red shift, both generic properties of horizons, suggesting it is a general result for black holes.
In recent years, there has been considerable interest in
the role played by entanglement in quantum field theo-
ries. This research has drawn motivation from disparate
areas of physics including critical phenomena in con-
densed matter systems [1–3], in describing non-classical
states of light [4, 5], in explaining the origin of black
hole entropy [6–8], and perhaps most spectacularly, in
the anti-de Sitter/conformal field theory correspondence,
where the entanglement entropy associated with a region
of a conformal field theory is related to minimal surfaces
in a bulk gravitational theory [9].
Within the framework of algebraic quantum field the-
ory, Summers and Werner [10] demonstrated that the
vacuum state of a free quantum field in Minkowski space,
as seen by local inertial observers, is entangled, and that
the correlations seen by these observers are strong enough
to violate Bell-type inequalities, even if the observers are
in spacelike separated regions. This result is surprising —
it suggests that no source of entanglement is necessary
to detect a violation of Bell’s inequality, the observation
of vacuum fluctuations suffices.
An operational approach to the study of the entangle-
ment structure of a quantum field theory was introduced
in 1991 by Valentini [11]. He showed that two initially
uncorrelated atoms, which interact locally with the elec-
tromagnetic vacuum, can exhibit nonlocal correlations
even if they remain spacelike separated throughout the
interaction. This implies that any entanglement that re-
sults between the atoms must have been transferred from
entanglement already present in the electromagnetic vac-
uum. Quantifying the resulting entanglement between
the atoms thus provides an indicator of electromagnetic
vacuum entanglement in the regions where the atoms
were located. In 2002 Reznik et al. [12, 13] demonstrated
a similar effect using two Unruh-DeWitt detectors inter-
acting locally with the vacuum state of a scalar field.
This process of localized detectors extracting entan-
glement/nonlocal correlations from the vacuum state of
a quantum field has since become known as entangle-
ment harvesting [14], and has been studied in a variety
of different situations, ranging from the extraction of re-
sources from the vacuum [15], to entanglement genera-
tion between hydrogen-like atoms [16, 17], and has been
shown to depend on the underlying spacetime geometry
[18] and topology [19]. The entanglement harvesting pro-
tocol provides a simple operational means for extracting
vacuum entanglement that is immediately applicable to
quantum field theories on curved spacetimes.
Here we report on the first investigation of entangle-
ment harvesting in a black hole background. We present
a general formalism, valid for any stationary spacetime,
then specialize to a conformally coupled scalar field on
the BTZ black hole. The key finding of our study is
that black holes inhibit entanglement harvesting. Due
to a combination of red shift and the Hawking effect,
the entanglement harvested falls rapidly to zero when
two detectors with fixed proper separation approach the
horizon. This cannot be evaded, even if the detectors
are timelike separated. Since Hawking radiation and red
shift are generic properties of black hole horizons, we ex-
pect this result to be general.
As a simplified model of an atom interacting with the
vacuum, we employ the Unruh-DeWitt detector [20, 21],
which consists of a two-level quantum system moving
along the spacetime trajectory xD(τ), parametrized by
the detector’s proper time τ and interacting locally with
a scalar field φ(x). The ground and excited states of the
detector are denoted as |0〉D and |1〉D, respectively, and
separated by an energy gap ΩD. In the interaction pic-
ture, the Hamiltonian describing the interaction of the
detector with the field is
HD(τ) = λχD(τ)
(
eiΩτσ+ + e−iΩτσ−
)
⊗ φ [xD(τ)] (1)
where χD(τ) ≤ 1 is a switching function controlling
the duration of the interaction, and σ+ := |1〉D〈0|D
and σ− := |0〉D〈1|D are ladder operators acting on the
Hilbert space associated with the detector. Although
simple, this model captures the relevant features of the
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2light-matter interaction when no angular momentum ex-
change is involved [22, 23].
Consider two detectors, A and B, with trajecto-
ries xA(τA) and xB(τB) parametrized by the detectors’
proper times τA and τB , respectively. Suppose these de-
tectors are initially (τA, τB → −∞) prepared in their
ground state, and the state of the field is in an appro-
priately defined vacuum state |0〉, so that the joint state
of the detectors and field together is |Ψi〉 = |0〉A |0〉B |0〉.
Given that the interaction between each detector and the
field is described by the Hamiltonian in (1), which for de-
tectors A and B we denote as HA and HB , respectively,
the final (τA, τB →∞) state of the detectors is given by
|Ψf 〉 = T e−i
∫
dt
[
dτA
dt HA(τA)+
dτB
dt HB(τB)
]
|Ψi〉 , (2)
where T is the time ordering operator and we have cho-
sen to evolve the field and detectors with respect to an
appropriate coordinate time t with respect to which the
vacuum state of the field is defined.
The final state of the detectors alone is ob-
tained from (2) by tracing out the field degrees of
freedom, ρAB := trφ
( |Ψf 〉〈Ψf | ), which to lead-
ing order in the interaction strength, in the ba-
sis {|0〉A |0〉B , |0〉A |1〉B , |1〉A |0〉B , |1〉A |1〉B}, is given
by [19, 24]
ρAB =

1− PA − PB 0 0 X
0 PB C 0
0 C∗ PA 0
X∗ 0 0 0
+O(λ4) , (3)
where
PD := λ
2
∫
dτDdτ
′
D χD(τD)χD(τ
′
D)e
−iΩD(τD−τ ′D)W (xD(t), xD(t′)) for D ∈ {A,B}, (4)
C := λ2
∫
dτAdτB χA(τA)χB(τB)e
−i(ΩAτA−ΩBτB)W (xA(t), xB(t′)) , (5)
X := −λ2
∫
dτAdτB χA(τA)χB(τB)e
−i(ΩAτA+ΩBτB)
[
θ(t′ − t)W (xA(t), xB(t′)) + θ(t− t′)W (xB(t′), xA(t))
]
, (6)
where W (x, x′) := 〈0|φ(x)φ(x′) |0〉 is the Wightman
function associated with the field and θ( · ) is the Heav-
iside function. Note that in (5) and (6) τA = τA(t) and
τB = τB(t
′) are functions of the coordinate t (and so
dτD =
dτD
dt dt). Analysis of the next to leading order
contribution to ρAB demonstrates that the leading order
contribution to ρAB is completely positive [24].
The reduced states of the individual detectors are
ρD :=
(
1− PD 0
0 PD
)
+O(λ4) for D ∈ {A,B}, (7)
which justifies interpreting PA and PB as the transition
probability that either detector A or B will become ex-
cited as a result of its interaction with the field. As the
matrix elements C and X do not appear in the reduced
states of either detector, they are associated with corre-
lations and entanglement shared between the detectors.
To quantify the entanglement harvested by the detec-
tors, we use the concurrence as an entanglement mea-
sure [25], which for (3) is [19, 24, 26]
C(ρAB) = 2 max
[
0, |X| −
√
PAPB
]
+O(λ4) . (8)
Being a simple difference of a local and non-local terms,
C(ρAB) is convenient in interpreting the results to follow.
The amount of entanglement harvested depends on the
detectors’ energy gaps, switching functions, and trajec-
tories. However, if one fixes these quantities and com-
pares the entanglement harvested for different spacetime
parameters (e.g. horizon radius) or the location of the
detectors in a given spacetime, then the difference in the
amount of entanglement harvested can be attributed to
the properties of the spacetime.
In (2+1)-dimensions, the Einstein equations with a
negative cosmological constant Λ = −1/`2 admit the
BTZ black hole solution [27, 28]
ds2 = −
(
r2 − r2h
`2
)
dt2 +
(
`2
r2 − r2h
)
dr2 + r2dφ2, (9)
expressed here in Schwarzchild-like coordinates, t ∈
(−∞,∞), r ∈ (0,∞), and φ ∈ (0, 2pi). This solution
has a horizon at rh := `
√
M , where M is the black hole
mass, and is asymptotic to anti de Sitter space (AdS3).
The advantage of considering detectors in the BTZ
spacetime [29–31] is that for a conformally coupled scalar
field (in the Hartle-Hawking vacuum) the Wightman
functions are known analytically [32, 33]. Since the BTZ
spacetime may be constructed by a topological identifica-
tion Γ of AdS3, the Wightman function associated with
the Hartle-Hawking vacuum in the BTZ spacetime may
be expressed as the image sum
WBTZ(x, x
′) =
∞∑
n=−∞
WAdS3(x,Γ
nx′), (10)
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FIG. 1. The concurrence C(ρAB)/λ˜2 between two detectors in
the exterior region of the BTZ black hole is plotted as a func-
tion of the proper distance separating them; different energy
gaps Ωσ of the detectors are shown and λ˜ := λ
√
σ denotes
the dimensionless coupling strength. The proper distance be-
tween detector A and the horizon is d(rh, RA)/σ = 1, and
`/σ = 10 and M = 1.
where WAdS3(x, x
′) is the vacuum Wightman function as-
sociated with a massless conformally coupled scalar field
in AdS3 and Γx
′ denotes the action of the identification
on the spacetime point x′. Explicitly, for two spacetime
points x and x′ outside the black hole horizon,
WBTZ(x, x
′) =
1
4pi
√
2`
∞∑
n=−∞
[
1√
σn
− ζ√
σn + 2
]
, (11)
where ζ ∈ {−1, 0, 1} specifies either Neumann (ζ = −1),
transparent (ζ = 0), or Dirichlet (ζ = 1) boundary con-
ditions satisfied by the field at spatial infinity (below we
take ζ = 1), and
σn :=
rr′
r2h
cosh
[rh
`
(∆φ− 2pin)
]
− 1
−
√
(r2 − r2h)(r′2 − r2h)
r2h
cosh
[rh
`2
∆t
]
, (12)
where ∆φ := φ− φ′ and ∆t := t− t′.
Suppose detectors A and B are at fixed distances
RA and RB outside the horizon of the BTZ black hole,
RA, RB > rh. The spacetime trajectories are
xD(τD) := {t = τD/γD, r = RD, φ = ΦD} ,
γD :=
√
R2D − r2h
`
, for D ∈ {A,B}, (13)
and without loss of generality we will set RA < RB .
We will choose the switching functions of the detec-
tors to be Gaussian, χD(τD) = exp
(−τ2D/2σ2), with the
interpretation that each detector interacts with the field
for an approximate amount of proper time kσ, centred
around the spacelike hypersurface t = 0; k should be cho-
sen so that at the proper time kσ the detectors’ interac-
tion with the field is negligible. In addition, we consider
detectors with the same energy gap ΩA = ΩB = Ω.
Having specified the detector trajectories, switching
functions, and energy gaps, we compute numerically the
concurrence C(ρAB) of the final state of the two detec-
tors, quantifying how much entanglement has been har-
vested from the field. (The explicit forms of the integrals
are presented in the supplemental material.) We plot
C(ρAB) as a function of proper detector separation in
Fig. 1 and for fixed proper detector separation as a func-
tion of proper distance from the horizon in Fig. 2. Note
the proper distance between two points x1 = (t, R1, φ)
and x2 = (t, R2, φ) is
d(R1, R2) = ` ln
[
R2 +
√
R22 − r2h
R1 +
√
R21 − r2h
]
, (14)
where R2 ≥ R1 ≥ rh.
In Fig. 1 we consider detector A at a fixed proper dis-
tance from the black hole horizon and plot C(ρAB) as
a function of the proper distance between the two de-
tectors. We observe that as the separation between the
detectors grows, the entanglement between the detectors
decreases. This behaviour is as expected since correla-
tions in the vacuum state are small for spacetime points
separated by a large distance, which can be seen from
the BTZ Wightman function in (10). We also observe
that the entanglement decreases more slowly for detec-
tors with larger energy gap, but always vanishes for finite
detector separation. This is a consequence of the fact
that detectors with a larger gap are harder to excite by
random fluctuations, so the correlations can dominate
the transition probabilities of the detectors over larger
separations; see (8).
In Fig. 2 we consider the two detectors, separated by
a fixed proper distance, placed at various proper dis-
tances away from the horizon. For any given detector
gap, a generic feature is that detectors closer to the hori-
zon become less entangled than detectors further from
the horizon. Moreover, there is a point where a “sud-
den death” of entanglement harvesting occurs: detectors
closer to the horizon than a certain critical proper dis-
tance, ddeath(rh, RA), cannot become entangled. There
are two competing phenomena that lead to this result.
First, detectors closer to the horizon experience a larger
local Hawking temperature [29], and this manifests as
an increase in the transition probability of the individ-
ual detectors. Second, there is a redshift effect for the
correlation term X, which serves to decrease |X| toward
zero as the detectors approach the horizon; |X| can be
made arbitrarily small by placing the detectors at an ap-
propriately close distance to the horizon. This can be
seen from the definition of X in (6) by changing the inte-
gration variables from the proper time of the detectors to
the coordinate time, τA = γAt and τB = γBt
′, and noting
the appearance of the redshift factors γA and γB , which
vanish as the detectors approach the horizon. Since en-
tanglement requires that |X|−√PAPB > 0, each of these
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FIG. 2. Left: The concurrence C(ρAB) between two detectors in the exterior region of the BTZ black hole is plotted as a
function of the proper distance detector A is from the horizon; different energy gaps Ωσ of the detectors are shown. Here, the
separation between the two detectors is fixed to be d(RA, RB)/σ = 1. Center: A plot of the distance detector A is from the
horizon d(rh, RA) when the entanglement vanishes as a function of the detectors’ energy gap Ωσ is shown for three choices of
detector separation. Right: The concurrence in the large d(rh, RA) limit is plotted as a function of the detectors’ energy gap
Ωσ. In this plot, the concurrence has been evaluated at d(rh, RA)/σ = 100. In all plots, we have taken `/σ = 10 and M = 1.
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FIG. 3. The transition probabilities, PA and PB , and the matrix element |X| are plotted as a function of the proper distance
detector A is from the horizon for detectors with an energy gap of Ωσ of 0.01 (Left), 0.1 (Center), and 1 (Right). In all plots
the detectors are separated by a proper distance of d(RA, RB)/σ = 1, and `/σ = 10 and M = 1.
effects contribute to the sudden death of entanglement
observed for detectors near the horizon.
The relative importance of the two effects depends on
the detectors’ energy gaps Ω, as is further highlighted
in Fig. 3. Generically, for a given proper separation be-
tween the detectors, in the limit when the detectors are
far from the horizon, the values for |X| and the transition
probability decrease as the detectors’ energy gaps are in-
creased. Intuitively, this makes sense as detectors with a
larger energy gap are less sensitive to fluctuations in the
field. Furthermore, we see that as the detectors move
toward the horizon, the transition probability displays a
larger relative change with increasing gap. The decreas-
ing sensitivity to field fluctuations means in turn that the
detectors become more sensitive to Hawking radiation.
This leads to the following interpretation. For small
detector energy gaps, it is the decrease in |X|, due to
redshift effects, that is responsible for the sudden death
of entanglement, since the transition probability remains
effectively constant on the scales over which |X| changes;
see Fig. 3. For larger energy gaps, the effect of the lo-
cal Hawking temperature on the transition probability is
more pronounced, and the sudden death is a combined
effect of the redshift decreasing |X| and the local Hawk-
ing temperature increasing the transition probability of
the detectors. However, in these cases the detector gap is
comparable to the mass of the black hole, and therefore
the gravitational backreaction cannot be safely ignored.
In fact, a close examination of the energy gap depen-
dence shown in the middle plot of Fig 2 reveals that there
is an optimal value of the gap that pushes the point of
sudden death as close to the horizon as possible. This
is a consequence of the competition between the increase
in the sensitivity to the Hawking effect and the over-
all suppression of the background values of |X| and the
transition probabilities. The same effect also leads to an
optimal value of Ω for maximal entanglement extraction
from the vacuum, shown in the right plot of Fig 2. The
optimal value generically differs in each case.
We have confirmed that the results in Fig. 2 are a prop-
erty of the BTZ spacetime and not simply an AdS3 effect,
and we have observed that the mass parameter M does
not affect any of the results quantitatively. Our calcu-
lations have assumed that the detectors are turned on
for the same amount of time in their own rest frame.
We have examined switching in other frames, e.g. in the
5black hole frame, and find this does not affect our ba-
sic results. Furthermore, while the results we present
are for Dirichlet boundary conditions (ζ = 1), we have
checked that this choice does not qualitatively affect the
behaviour we observe.
In summary, we have reported on the first investigation
of the entanglement harvesting protocol in a black hole
background. We established that the amount of entangle-
ment extracted decreases with increasing proper distance
between the detectors, commensurate with other studies
[13–19] probing the entanglement structure of the field.
More surprisingly we find that black holes inhibit en-
tanglement harvesting. As two detectors with fixed
proper separation move closer to the horizon, they en-
counter a point of “sudden death” where the harvested
entanglement falls to zero. No entanglement can be har-
vested between this point and the horizon, though it is
possible to minimize its proper distance from the hori-
zon by choosing an optimal value of the detectors’ energy
gap. We find this holds even for timelike separations of
the detectors, where a field-mediated interaction might
be expected to increase detector entanglement. For de-
tectors with a small energy gap, this effect is primarily
due to a decrease in the correlation term |X| because of
the influence horizon redshift.
This observation suggests some element of universality
to our result: we suspect that this sudden death near the
horizon is not a peculiarity of the BTZ spacetime, but will
be present in other black holes as well, or whenever the
relative red shift factor dτA/dτB between the detectors
approaches zero. We will report more extensively on the
BTZ case in forthcoming work [34].
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6Supplemental Material
The explicit form the transition probabilities used in the numerical evaluation of the concurrence is
PD = κD
∫ ∞
−∞
dy
exp
[− σ2(y − Ω)2]
exp
(
y/TD
)
+ 1
− ζKD
∫ ∞
0
dy Re
[
exp
(− aDy2) exp (− iβDy)√
cosh
(
α+D,0
)− cosh(y)
]
+ 2
∞∑
n=1
{
KD
∫ ∞
0
dy Re
[
exp
(− aDy2) exp (− iβDy)√
cosh
(
α−D,n
)− cosh(y)
]
− ζKD
∫ ∞
0
dy Re
[
exp
(− aDy2) exp (− iβDy)√
cosh
(
α+D,n
)− cosh(y)
]}
,
where
κD :=
λ2σ2
2
, KD :=
λ2σ
2
√
2pi
,
TD :=
rh
2pi`
√
R2D − r2h
, aD :=
γ2D`
4
4σ2r2h
,
βD :=
γDΩ`
2
rh
, α∓D,n := arccosh
[
r2h
R2D − r2h
(
R2D
r2h
cosh
(rh
`
2pin
)
∓ 1
)]
.
The explicit form the matrix element X used in the numerical evaluation of the concurrence is
X = −
∞∑
n=−∞
[
KX
∫ ∞
0
dy
exp
(− aXy2) cos (βXy)√
cosh
(
α−X,n
)− cosh(y) − ζKX
∫ ∞
0
dy
exp
(− aXy2) cos (βXy)√
cosh
(
α+X,n
)− cosh(y)
]
,
where
KX :=
λ2σ
2
√
pi
√
γAγB
γ2A + γ
2
B
exp
(
−σ
2Ω2
2
(γA + γB)
2
γ2A + γ
2
B
)
, aX :=
1
2σ2
γ2Aγ
2
B
γ2A + γ
2
B
`4
r2h
,
βX := Ω
γAγB (γA − γB)
γ2A + γ
2
B
`2
rh
, α∓X,n := arccosh
[
r2h
`2γAγB
(
RARB
r2h
cosh
(rh
`
(∆φ+ 2pin)
)
∓ 1
)]
.
